Expression of CD80 or CD86 costimulatory molecules on tumor cells can produce rejection of immunogenic but not poorly immunogenic tumors. We have previously shown that anti-CD3 single-chain antibodies expressed on the surface of cells can directly activate T cells. We therefore investigated whether anti-CD3 ''receptors'' could enhance CD86-mediated rejection of poorly immunogenic tumors. Expression of anti-CD3 receptors on cells was increased by introduction of membrane-proximal ''spacer'' domains containing glycosylation sites between the single-chain antibody and the transmembrane domain of the chimeric receptors. Removal of glycosylation sites in the spacer reduced surface expression due to increased shedding of chimeric receptors from the cell surface. Induction of T-cell proliferation by anti-CD3 receptors did not correlate with the expression level of chimeric protein, but rather depended on the physical properties of the spacer. Anti-CD3 receptors effectively induced T-cell cytotoxicity, whereas coexpression with CD80 or CD86 was required for generating T-cell proliferation and IL-2 secretion. Although expression of CD86 did not significantly delay the growth of poorly immunogenic B16-F1 tumors, expression of anti-CD3 receptors with CD86 produced complete tumor rejections in 50% of mice and induced significant protection against wild-type B16-F1 tumor cells. Our results show that spacer domains can dramatically influence the surface expression and the biological activity of chimeric antibody receptors. The strong antitumor activity produced by anti-CD3 receptors and CD86 on tumor cells indicates that this strategy may be beneficial for the gene-mediated therapy of poorly immunogenic tumors.
A ugmentation of T-cell immunity to induce immunological rejection of tumors is a promising method of cancer treatment. 1 Activation of naive T cells requires both specific binding of T-cell receptors (TCRs) to peptides presented by MHC molecules as well as costimulation by CD80 or CD86. 2, 3 These costimulatory molecules interact with CD28 on T cells to induce T-cell proliferation, stimulate IL-2 secretion and prevent T-cell anergy. 4 The importance of costimulatory molecules in antitumor immunity is highlighted by the observation that tumor cells engineered to express CD80 or CD86 are often rejected. [5] [6] [7] Many tumors, however, display defects in antigen processing and presentation including loss or downregulation of proteosome subunits, TAP-1, TAP-2, b2-microglobulin or MHC class I heavy chain. [8] [9] [10] [11] [12] Tumors that express low amounts of MHC class I molecules or process antigens poorly cannot effectively trigger T cells and transduction with CD80 or CD86 fails to induce tumor rejection. 13, 14 An alternative strategy to activate T cells that is less dependent on the expression of tumor-associated antigens or MHC molecules by tumor cells may extend the utility of immunotherapy to poorly immunogenic tumors. We and others have previously shown that cells modified to express chimeric anti-CD3 receptors can activate naive T cells. [15] [16] [17] Expression of anti-CD3 surface receptors should reduce the dependency of T-cell activation on MHC expression, allowing effective therapy by CD80 or CD86 in poorly immunogenic tumors that are normally refractive to modification with costimulatory molecules.
Translation of chimeric receptor therapy to the clinic requires efficient expression of biologically active receptors. We previously showed that the transmembrane (TM) domain employed to anchor chimeric receptors affected the rate of receptor transport to the cell surface 18 and greatly influenced surface expression. 19 These studies indicated that chimeric surface receptors were also shed from the cell surface. Receptor shedding reduces the level of active receptor on the cell surface and soluble receptors can act as receptor antagonists. 20 It is therefore important to reduce shedding of chimeric receptors from cells.
In the present study, we addressed four issues concerning the expression and function of single-chain antibody receptors. We first investigated whether antibody expression on cells could be increased by introduction of specific ''spacers'' between the antibody and TM domains of chimeric receptors. As glycosylation has been shown to be important for retention of endogenous receptors on the cells, 21, 22 we next examined the hypothesis that spacer glycosylation could reduce shedding of chimeric receptors. Third, we investigated the functional effect of anti-CD3 receptor design on T-cell activation. Finally, we tested the hypothesis that expression of membrane-bound anti-CD3 receptors could extend the utility of CD86-mediated tumor rejection to poorly immunogenic tumors.
Materials and methods

Reagents
Rat anti-HA mAb 3F10 against an epitope of the hemagglutinin (HA) protein and mouse anti-c-myc mAb (9E10) were from Roche Biochemical Co. (Mannheim, Germany). Rat anti-mouse CD90.2-FITC, rat anti-mouse CD4-PE, rat anti-mouse CD8-PE, hamster anti-mouse CD80-biotin and rat anti-mouse CD86-biotin were purchased from PharMingen (San Diego, CA). Goat anti-human IgG Fc-FITC, goat anti-mouse F(ab 0 ) 2 -FITC, goat ant-rat Ig-FITC, goat anti-rat IgG-horse radish peroxidase and streptavidin-FITC were from Organon Teknika (Turnhout, Belgium). Polyclonal rabbit serum against AFP and E. coli b-glucuronidase was produced as previously described. 19 Cell lines and tissue culture BALB/3T3 cells were obtained from the National Health Research Institutes (Hsin Chu, Taiwan). HT29 human colon carcinoma cells and B16-F1 melanoma cells were from the American Type Culture Collection (Manassas, VA). 145.2C11 hybridoma cells were generously provided by Dr Jeffrey A Bluestone, Ben May Institute for Cancer Research, Illinois. Cells were cultured in Dulbecco's minimal essential medium (Sigma, St Louis, MO) supplemented with 10% bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin at 371C in an atmosphere of 5% CO 2 . All cells were free of mycoplasma as determined by a PCR-based mycoplasma detection kit (American Type Culture Collection).
Plasmid construction
The construction of pAFP-DAF, p2C11-B7 and p2C11-g1-B7 has been described. 15, 19 The XbaI DNA fragments of murine CD80 and CD86 (kindly provided by Dr Gordon Freeman, Dana-Farber Cancer Institute, Harvard Medical School, Boston) were subcloned into the pcDNA3.1/zeo(+) vector (Invitrogen, Leek, The Netherlands) to obtain pCD80/zeo and pCD86/zeo. A cDNA fragment encompassing the IgG-like C type domain, TM domain and cytoplasmic tail of murine CD80 was PCRamplified from pCD80/zeo with the primers 5 0 -aaagtcgacgctgacttctctacccccaacataact-3 0 and 5 0 -aactcgagctaaaggaagacggtctgttcagc-3 0 . The PCR product was cut with SalI and XhoI and inserted into p2C11-B7 in place of the B7 TM domain and cytoplasmic tail to obtain p2C11-e-B7 (Fig 1a) . A DNA fragment corresponding to amino acids 35-142 of human biliary glycoprotein 1 (BGP) was PCR-amplified from IMAGE clone 2277741 with the primers 5 0 -ccaccgtcgaccagctcactactgaatccatg-3 0 and 5 0 -ttggggtcgaccgggtatacatggaactgtcc-3 0 and inserted into the unique SalI site in p2C11-B7 to produce p2C11-BGP-B7. The three N-linked glycosylation sites present in the BGP spacer (N104, N111 and N115) were mutated to glutamine with the QuickChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) to produce transgenes lacking one (p2C11-BGP1-B7), two (p2C11-BGP2-B7) or all three (p2C11-BGP3-B7) glycosylation sites. A DNA fragment encompassing amino acids 21-400 of human CD44E was amplified with the primers 5 0 -tgagcgtcgaccagatcgatttgaatataacc-3 0 and 5 0 -gatgatgtcgacttctggaatttggggtgtcc-3 0 by RT-PCR from RNA isolated from HT29 cells. The PCR product was inserted into the unique SalI site in p2C11-B7 to produce p2C11-CD44-B7. The SfiI-SalI DNA fragment encoding the phOx scFv and an myc epitope was cut from pHook-1 (Invitrogen) and inserted into p2C11-g1-B7 in place of the 2C11 scFv to obtain phOx-g1-B7. Likewise, the SfiI-SalI fragment encoding AFP was cut from pAFP-DAF and inserted into p2C11-BCP-B7 and p2C11-BGP3-B7 to generate pAFP-BGP-B7 and pAFP-BGP3-B7, respectively. All transgenes were completely sequenced.
Cell transfection
For transient transfection, 2.5 Â 10 5 BALB/3T3 cells were cultured overnight in six-well plates before transfection with 3 mg plasmid and 10 ml lipofectamine according to the manufacturer's instructions (Gibco Laboratories, Grand Island, NY). BALB/3T3 cells transfected with p2C11-g1-B7 or phOx-g1-B7 were also selected in 0.5 mg/ml G418 (Calbiochem, San Diego, CA) and sorted for high expression to produce stable 2C11 and phOx cells. In addition, the scFv transgenes were cotransfected into BALB/3T3 cells with pB7-1/zeo or pB7-2/zeo. The transfected cells were selected in 0.5 mg/ml G418 and 0.5 mg/ml zeocin (Invitrogen) for 2 weeks before they were sorted for high expression to produce the stable transfectants 2C11/CD80, 2C11/CD86, phOx/CD80 and phOx/CD86. B16-F1 cells were transduced and selected (1.2 mg/ml G418, 0.4 mg/ml zeocin) in an analogous fashion.
Immunoblotting of chimeric proteins
BALB/3T3 fibroblasts were harvested 48 hours after transient transfection with anti-CD3 receptor transgenes. The cells were washed with PBS and 4 Â 10 5 cells were boiled in nonreducing SDS-PAGE buffer. Proteins were electrophoresed on an 8% SDS-PAGE and transferred to a PVDF membrane. The blots were blocked with 5% skim milk and probed with 0.25 mg/ml rat anti-HA antibody. The blots were extensively washed, incubated with horse radish peroxidase-conjugated goat anti-rat IgG (8 mg/ml), washed and visualized by ECL detection according to the manufacturer's instructions (Pierce, Rockford, IL).
Flow cytometer analysis
A total of 5 Â 10 5 cells were washed and suspended in 50 ml DMEM containing 0.5% bovine serum. Expression of 2C11 and phOx scFv was measured by staining cells with rat anti-HA (5 mg/ml) followed by goat anti-rat IgG-FITC (4 mg/ml) at 41C. CD80 and CD86 expression was detected with rat anti-mouse CD80-biotin (20 mg/ml) and rat anti-mouse CD86 biotin (20 mg/ml) followed by FITCconjugated streptavidin (6.5 mg/ml). Chimeric proteins containing the g1 domain were also stained with goat antihuman IgG Fc-FITC (2.5 mg/ml). The cells were washed and suspended in PBS containing 5 mg/ml propidium iodide before the surface immunofluorescence of 5000-10,000 viable cells was measured with a FACScaliber flow cytometer (Becton Dickinson, Mountain View, CA). Dead cells, identified by red propidium iodide fluorescence, were gated out. Fluorescence intensities were analyzed with Flowjo V3.2 (Tree Star, Inc., San Carlos, CA).
Immunoprecipitation of AFP from culture medium BALB/3T3 fibroblasts were transiently transfected with pAFP-DAF, pAFP-BGP-B7 or pAFP-BGP3-B7 and the cells were reseeded in six-well plates 16 hours later. The cells were labeled for 11 hours with 300 mCi Pro-mix l-[ 35 S] (Amersham Pharmacia Biotech, Piscataway, NJ) in cysteine-and methionine-free DMEM containing 2% low IgG serum. The cells were then chased with 100 mM methionine for 1.5 hours. The culture medium was cleared twice with 2 ml normal rabbit serum and 30 ml Protein A Sepharose CL-4B gel (Pharmacia Biotech., Uppsala, Sweden) for 1 hour. AFP proteins were immunoprecipitated with 7.5 mg rabbit anti-AFP or control rabbit anti-bglucuronidase antibody (IgG fractions) for 1 hour followed by 50 ml Protein A Sepharose CL-4B gel overnight. The protein A gel was washed five times with 1 ml wash buffer (20 mM sodium phosphate pH 7.4, 0.15 M NaCl, 0.68 M sucrose, 1% Triton X-100, 5 mM EDTA, 1 mg/ml BSA and protease inhibitor cocktail). The protein A gel was boiled in 30 ml reducing SDS-PAGE buffer before proteins were separated on a 10% SDS-PAGE. The polyacrylamide gel was treated with EN 3 HANCE (NENt Life Science, Boston, MA) following the manufacturer's instructions before drying. Gels were exposed to Kodak X-ray film for 40 hours.
T-cell enrichment
Splenocytes isolated from BALB/c female mice were treated with ACK buffer (0.15 M NH 4 Cl, 10 mM KHCO 3 , 0.1 mM Na 2 EDTA, pH 7.2) to lyse RBCs and then allowed to attach to a culture plate for 2 hours. Nonadherent cells were transferred to a culture plate that was precoated with 100 mg of goat anti-mouse IgM, IgG, IgA antibody for 45 minutes at 371C. Nonadherent cells Surface anti-CD3 scFv enhances CD86 antitumor activity K-W Liao et al were loaded on a nylon wool column for 2 hours at 371C. T cells were eluted from the column with DMEM.
T-cell adhesion assay
BALB/3T3 fibroblasts were transiently transfected with 2C11 transgenes. After 48 hours, 5 Â 10 5 cells were allowed to attach in 24-well plates for 4 hours. Then, 5 Â 10 6 nylon wool-enriched lymphocytes were added to each well with or without 50 mg/ml mAb 145.2C11. The cells were centrifuged for 5 minutes at 500 g and incubated for 1 hour at room temperature. Nonadherent cells were removed by gently washing the wells five times with DMEM/5% BCS. Adherent cells were fixed and stained with 0.5% methylene blue in 50% methanol and examined under a light microscope.
T-cell proliferation
Transiently or stably transfected BALB/3T3 fibroblasts were suspended in PBS and treated with 100 mg/ml mitomycin C for 2 hours at 371C. The cells were then washed twice with PBS and once with medium. The transfectants and enriched T cells were incubated at a ratio of 1:10 (unless otherwise indicated) in quadruplicate in round-bottom 96-well plates for the specified times before 1 mCi A total of 3 Â 10 7 T cells were washed with buffer (5 mM EDTA, 0.5% BSA in PBS) and suspended in 270 ml buffer. A volume of 30 ml of anti-CD4 beads or anti-CD8 beads (Miltenyi Biotec, Bergisch Gladbach, Germany) was added for 15 minutes at 101C. The cells were washed and suspended in 0.5 ml of buffer. The cells were applied to a VS column (MACS system, Miltenyi Biotec) for positive selection or a BS column for negative selection. The cells were collected and a portion was double stained with rat anti-mouse CD90.2-FITC and rat anti-mouse CD4-PE or rat anti-mouse CD8-PE. After staining, the cells were analyzed to verify their purity by flow cytometer analysis.
IL-2 secretion
A total of 2.5 Â 10 5 2C11, 2C11/CD80, 2C11/CD86 or phOx fibroblasts were cultured with 2.5 Â 10 6 T cells in 2.5 ml of culture medium. A volume of 250 ml of the culture medium was harvested each day and the IL-2 concentration was measured by ELISA using the mouse IL-2 OptEIA kit according to the manufacturer's instructions (Pharmingen). In vivo tumor growth C57BL/6 mice were obtained from the National Animal Center (Taipei, Taiwan) and maintained in the Institute of Biomedical Science, Academia Sinica. All animal experiments were carried out with ethical committee approval. The ethical guidelines that were followed met the standards required by the UKCCCR Guidelines for the Welfare of Animals in Experimental Neoplasia. 23 Groups of four to six C57BL/6 mice were s.c. injected with 2 Â 10 
Induction of T-lymphocyte cytotoxicity
Statistical analysis
Statistical significance of differences between mean values was estimated with Excel (Microsoft, Redmond, WA) using the independent t-test for unequal variances. Statistical analysis of animal survival was performed using SPSS for Windows software (version 10.0) (SPSS Inc., Chicago, IL). Survival curves were obtained by the Kaplan-Meier method, and the difference in survival times was analyzed with the log-rank test. P-values of less than .05 were considered to be statistically significant.
Results
Linker domains can enhance the expression of chimeric antibody receptors on cells
A panel of transgenes was constructed to examine the hypothesis that the presence of oligosaccharides in ''linker'' domains placed near the cell membrane could increase the expression of chimeric antibody receptors on cells. The prototypical transgene (p2C11-B7) encodes a chimeric receptor consisting of a murine immunoglobulin kappa chain signal peptide, an HA epitope, an anti-CD3 single-chain antibody (2C11 scFv) and the TM and cytosolic tail of murine B7-1 (Fig 1a) . p2C11-g1-B7 contains the hinge-CH 2 -CH 3 region of human IgG 1 (g1 domain) between the scFv and the TM. We also inserted the sequence coding the first immunoglobulin-like V-type domain of biliary glycoprotein I (BGP-1) or the Ig-like C2-type and Ig-hinge-like domains of murine B7-1 between the scFv and TM cDNA as models of N-linked glycosylation domains. All three N-linked glycosylation sites were removed from 2C11-BGP3-B7 by site-directed mutagenesis. The effect of O-linked glycosylation was examined by fusing the cDNA of CD44E between the 2C11 scFv and TM. The expression of the anti-CD3 receptors was first examined by immunoblotting cell lysates prepared from transfected fibroblasts. Figure 1b shows that 2C11-B7 migrated with an apparent molecular mass of 36 kDa, in good agreement with the expected size of 37.5 kDa. 2C11-BGP3-B7 migrated at the predicted size of 48 kDa, whereas 2C11-BGP-B7 displayed a mass of 56 kDa due to the presence of oligosaccharide chains in the linker domain. Similarly, 2C11-e-B7 and 2C11-g1-B7 displayed apparent molecular masses that were 11 and 7 kDa greater than predicted from the protein sequence due to N-linked glycosylation of their linker domains. 2C11-g1-B7 migrated as a disulfide-linked dimer on a nonreduced gel (results not shown). 2C11-CD44-B7 migrated with an apparent molecular mass of 130 kDa as compared with the expected molecular weight of 83 kDa, confirming that the linker domain was extensively glycosylated.
The expression of anti-CD3 receptors on cells was increased by introduction of linker domains between the scFv and TM (Fig 2a) . High surface expression of scFv was dependent on the presence of carbohydrate chains in the linker domain because 2C11-BGP3-B7 had low Figure 2b . All the proteins were more highly expressed on cells as compared with 2C11-B7, except for 2C11-BGP3-B7, which displayed lower surface levels than 2C11-B7. The effect of N-linked glycosylation on surface expression was further examined by generating 2C11-BGP-B7 chimeras in which only one (2C11-BGP1-B7) or two (2C11-BGP2-B7) glycosylation sites were removed. Figure 2c shows that surface expression monotonically decreased as glycosylation sites were sequentially removed from the BGP linker. Reduced surface expression was not due to poor production of mutants because the overall levels of chimeric proteins in the cells were similar as determined by quantification of cell transfectant immunoblots (Fig 2c) . We attempted to immunoprecipitate 2C11 scFv from the culture supernatant of transfected cells to examine whether glycosylation of the linker domain reduced shedding of scFv but failed, possibly due to rapid degradation of shed scFv. We therefore examined the effect of linker glycosylation on the shedding of a stable reporter protein. AFP could be specifically immunoprecipitated from the culture medium of cells transfected with plasmids directing the expression of AFP to the cell surface (Fig 2d) . Expression of AFP as a GPI-anchored protein (AFP-DAF) resulted in detectable shedding of AFP as previously reported. 19 Low amounts of AFP were also shed into the culture medium when the BGP linker was employed (AFP-BGP-B7), but removal of the three N-linked glycosylation sites in the linker (AFP-BGP3-B7) resulted in greatly increased shedding of AFP, demonstrating that linker glycosylation reduced cleavage from the cell surface.
Linker domains influence T-cell activation by chimeric anti-CD3 receptors
The functional activity of the chimeric receptors was examined by determining whether anti-CD3 scFv could bind to CD3 on T cells. Figure 3a shows that T cells readily bound to 2C11-g1-B7 and 2C11-CD44-B7 cells. Binding was specific because control scFv (phOx-g1-B7) did not bind T cells. Addition of soluble 2C11 antibody blocked T-cell binding to the transfectants, demonstrating that the chimeric receptors bound CD3 on the T cells. Cells that displayed 2C11-e-B7 and 2C11-BGP-B7 bound T cells to a similar extent as 2C11-g1-B7 whereas 2C11-B7 did not bind T cells, possibly due to steric hindrance of the receptor by surface proteins on the transfectant cells (results not shown).
The chimeric receptors were tested for their ability to induce T-cell proliferation. Figure 3b shows that 2C11-g1-B7 induced the greatest proliferation of T cells. Even though 2C11-e-B7 and 2C11-BGP-B7 were expressed at higher levels on cells, they induced less splenocyte proliferation than did 2C11-g1-B7. As expected from the T-cell binding results, 2C11-B7 did not induce significant proliferation of T cells. Surprisingly, 2C11-CD44-B7 did not induce T-cell proliferation even though it was highly expressed on cells and retained antigen-binding activity.
Providing CD80 costimulation in trans did not enhance 2C11-CD44-B7 stimulation of T cells above background levels even though CD80 enhanced T-cell proliferation induced by 2C11-g1-B7, 2C11-e-B7 and 2C11-BGP-B7 by more than 10-fold (results not shown). Subsequent studies employed 2C11-g1-B7 since it produced the greatest proliferation of T cells.
CD80 and CD86 enhance anti-CD3 receptor stimulation of lymphocyte proliferation
Stable BALB/3T3 transfectants were generated to investigate the influence of CD80 and CD86 on T-cell activation by anti-CD3 receptors. The cells were sorted to produce lines with similar levels of anti-CD3 (2C11) or control phOx receptors (results not shown). Cell lines Surface anti-CD3 scFv enhances CD86 antitumor activity K-W Liao et al were also generated that coexpressed anti-CD3 or phOx receptors with CD80 or CD86. The ability of transfectants to stimulate the proliferation of purified T cells was examined by mixing naive T cells with mitomycin-killed transfectants. 2C11 cells induced significant (Pr.05) but low levels of T-cell proliferation (Fig 4a) . 2C11/CD80 and 2C11/CD86 cells, in contrast, induced robust proliferation of T cells that progressively increased for at least 4 days. As expected, phOx cells did not induce splenocyte proliferation regardless of whether CD80 or CD86 costimulation was provided. The density of BALB/3T3 transfectants required to induce T-cell proliferation was examined by adding nylon-wool-enriched T cells to decreasing numbers of transfectant cells. At least 16,000 2C11 cells were required to induce significant (Pr.05) proliferation of T cells, whereas significant (Pr.005) Tcell proliferation was induced by as few as 1000 2C11/ CD80 or 2C11/CD86 cells (results not shown). In agreement with these results, the level of T-cell proliferation induced by 2C11-g1-B7 in Figure 3b was greater than that observed in Figure 4a due to the lower cell density used in the latter experiment (8000 versus 30,000 transfectants). Stimulation of purified T-cell populations (purity 4 98%) with cells expressing anti-CD3 receptors for 72 hours produced significantly greater proliferation of both CD4 + and CD8 + T cells as compared to stimulation with control phOx cells (Fig 4b) . Stimulation with anti-CD3 and CD80 enhanced the proliferation of both CD4 + and CD8 + T cells, but the proliferation of CD4 + T cells was enhanced to a greater degree (Pr.005) than CD8 + T cells. Similar results were found when specific T-cell populations were depleted. Stimulation by anti-CD3 receptors with CD80 or CD86 enhanced the proliferation of T cells depleted of either CD4 + 
or CD8 + T cells (results not shown). Depletion of CD4 + T cells resulted in significantly reduced proliferation of the remaining T cells as compared to T cells depleted of CD8
+ T cells, indicating that CD4 + T cells were more responsive to anti-CD3 receptors and CD80 or CD86 costimulation (results not shown).
Functional activation of T cells by anti-CD3 receptors and CD80 or CD86.
Culture of T cells with 2C11/CD80 or 2C11/CD86 cells induced the secretion of high levels of IL-2 (20-45 ng/ml) (Fig 5a) . Stimulation of T cells by anti-CD3 receptors and CD86 produced significantly (Pr.05) higher IL-2 concentrations than did anti-CD3 receptors and CD80. Anti-CD3 receptors alone produced about 1000 times less IL-2 than with costimulation. As expected, no IL-2 could be detected in the medium of lymphocytes cultured with phOx cells. Figure 5b shows that over 95% of 2C11/CD80 and 2C11/CD86 cells and 58% of 2C11 cells were killed 72 hours after addition of naive T cells. Induction of lymphocyte cytotoxicity required expression of anti-CD3 receptors on cells because phOx cells were not killed. Expression of CD80 or CD86 on fibroblasts (phOx/CD80 and phOx/CD86) did not induce lymphocyte cytotoxicity.
In vivo antitumor activity of anti-CD3 receptors and CD86
The antitumor activity of anti-CD3 receptors was examined in a poorly immunogenic tumor model. B16-F1 melanoma cell lines were generated that stably Surface anti-CD3 scFv enhances CD86 antitumor activity K-W Liao et al expressed anti-CD3 or phOx receptors alone or with CD86 (Fig 6a) . The ability of the tumor cell lines to induce CTL activity was examined by mixing naive T-lymphocytes and B16-F1 transfectants. Figure 6b shows that B16-F1 cells that expressed anti-CD3 receptors were significantly (Pr.05) killed (30% killing) as compared to B16-F1 tumor cells that expressed phOx scFv and CD86 (3% killing). B16-F1 cells that expressed anti-CD3 and CD86 induced a significantly (Pr.005) stronger CTL response (99% killing) as compared to anti-CD3 alone. Anti-CD3 receptors also induced tumor killing in vivo. Tumors that expressed phOx receptors grew as rapidly as parental B16-F1 cells in syngeneic mice (Fig 6c) , demonstrating that the g1 domain present in the chimeric scFv did not provide antitumor activity. Expression of CD86 with phOx receptors produced only modest delay of tumor growth, confirming that B16-F1 cells are poorly immunogenic. The formation of tumors was significantly suppressed (Pr.005) by expression of anti-CD3 receptors as compared with parental B16/F1 tumors (Fig 6c) . For example, the mean size of B16-F1 tumors was 2000 mm 3 on day 16 whereas 2C11 tumors were still unpalatable. Expression of both CD86 and anti-CD3 further suppressed tumor growth (Pr.005) as compared to B16-F1 cells that expressed anti-CD3 alone with complete tumor rejections observed in two of four mice.
The survival of tumor-bearing mice was examined in a separate experiment. Mice injected s.c. with B16-F1 tumor cells had a mean survival time of 16.5 days (Fig 7a) . Expression of control phOx receptors or phOx receptors with CD86 on B16-F1 cells modestly but significantly increased mean survival to 24 days. Expression of anti-CD3 receptors significantly (Pr.0005 as Surface anti-CD3 scFv enhances CD86 antitumor activity K-W Liao et al compared to B16/F1) increased survival time to 37 days with one tumor regression. Combination of anti-CD3 receptors and CD86 resulted in tumor rejection in three of six mice with a mean survival time of more than 50 days. 2C11/CD86 survival was significantly (Pr.0005) longer than control B16-F1 mice but did not reach statistical significance (P ¼ .059) as compared to the 2C11 group. The long-term survivors were challenged with parental B16-F1 tumor cells to determine if these mice possessed antitumor memory. The mouse that rejected 2C11 cells displayed delayed tumor formation, whereas the mice that rejected 2C11/CD86 cells exhibited markedly delayed growth of B16/F1 tumors as compared to naive mice, indicating that antitumor immunity was produced in these mice (Fig 7b) .
Discussion
Expression of chimeric proteins on specific target cells may be useful for the therapy of diverse diseases. Surface expression may decrease systemic side effects and more efficiently elicit the biological activities of proteins such as enzymes, single-chain antibodies (scFv) and cytokines. Several chimeric surface proteins have recently been described including chimeric scFv receptors for T-cell activation 15, [24] [25] [26] or deactivation, 27 membrane-bound cytokines, 28, 29 prodrug-activating enzymes 30 and artificial Fc receptors. 31, 32 Expression of engineered proteins on the surface of cells therefore represents a rich source for the development of novel therapeutics.
Realization of the full potential of chimeric surface receptors requires that high expression of biologically active proteins can be achieved. This is especially important for gene therapy since in vivo transduction efficiencies are typically low. We previously showed that the murine B7-1 TM and intact cytoplasmic tail allowed high expression of AFP 19 and scFv 15 due to rapid transport and stable retention of the proteins on the cell surface. 18 In the present investigation we tested the hypothesis that introduction of a spacer domain containing oligosaccharides at the juxtamembrane position of chimeric receptors could further increase surface expression by reducing shedding. The rationale for this hypothesis was based on the observation that many endogenous receptors contain serine-and threonine-rich domains near the cell membrane that are potential sites of O-linked glycosylation. 33 Furthermore, enzymatic deglycosylation of receptors 22 or pharmacological prevention of O-linked glycosylation 21 has been shown to result in rapid proteolysis and release of surface receptors. Our results clearly demonstrate that introduction of linker domains at the juxtamembrane position of chimeric receptors increased their accumulation on the cell membrane. In fact, the linker domains enhanced surface expression of scFv by four-to seven-fold as compared to 2C11-B7. It should be noted that 2C11-B7 already represented an improved surface receptor since it allowed about 5-10 times greater amounts of scFv to accumulate on cells as compared to the prototype scFv receptor (2C11-PDGFR). 15, 18 The presence of oligosaccharide chains in the linker domain was mandatory for increased surface expression because removal of glycosylation acceptor sites (2C11-BGP3-B7) reduced surface expression to levels even below those observed without introduction of a linker (Fig 2b) . Both O-linked (2C11-CD44-B7) and N-linked (2C11-BGP-B7, 2C11-g1-B7 and 2C11-e-B7) glycosylation effectively reduced shedding. It seems likely that the introduction of oligosaccharide chains into the chimeric receptors hindered access to proteases since many integral membrane proteins are shed by proteolytic cleavage. [34] [35] [36] Our results clearly demonstrate that the level of surface expression correlated with the degree of linker glycosylation (Fig 2c) . Control of surface shedding by variation of glycosylation may be useful for tuning the retention of chimeric proteins on cells. Glycosylation sites can be added to chimeric receptors when it is beneficial to maximize surface expression and prevent release of soluble receptors. This could be especially important Surface anti-CD3 scFv enhances CD86 antitumor activity K-W Liao et al when the cleaved receptor acts as an antagonist to the chimeric surface receptor. For example, expression of MIC on tumor cells can enhance tumor cell sensitivity to cytotoxic T-lymphocytes and NK cells, whereas soluble MIC prevents tumor cell recognition by effector cells. 20 Similarly, anti-CD3 antibodies linked to microbeads cause vigorous activation and expansion of T cells in vivo, 37 but soluble F(ab 0 ) 2 fragments of antibodies against both murine and human CD3 produce T-cell depletion 38 and immunosuppression. 39 In these cases, introduction of additional glycosylation sites to reduce shedding could minimize the antagonistic effects of the cleaved soluble receptors. On the other hand, glycosylation sites could be removed to generate a limited amount of soluble receptor, for example, to create a gradient of chemokine protein to promote chemotaxis of effector cells.
Although high expression of chimeric receptors is important for many applications, it is critical that the receptors retain biological activity. We found that the ability of anti-CD3 receptors to induce T-cell proliferation varied greatly. 2C11-g1-B7 was about twice as potent as 2C11-BGP-B7 and 2C11-e-B7, whereas 2C11-CD44-B7 was unable to stimulate T cells even though all chimeric receptors were able to bind T cells. Receptor activity did not correlate with scFv expression levels on cells, showing that receptor design can dramatically influence its biological activity. The mechanism responsible for the lack of T-cell activation by 2C11-CD44-B7 is still unclear. Many models have been proposed for TCR activation. 40, 41 Based on these models, several differences in the 2C11 scFv receptors could account for their divergent biological activities. First, formation of 2C11-g1-B7 dimers may promote aggregation of TCRs. Second, the extensive glycosylation of the CD44E spacer in 2C11-CD44-B7 could hinder TCR clustering or prevent sufficient TCR density for efficient signaling. Third, the long CD44E spacer could prevent segregation of inhibitory receptors such as CD43 from the immune synapse based on the kinetic segregation model. We are currently investigating the mechanism responsible for the lack of T-cell activation by 2C11-CD44-B7.
Immunotherapy holds great promise for the prevention and treatment of cancer. Many tumors, however, display defects in antigen processing and presentation 42 and are poorly immunogenic even after transduction with cytokines or costimulatory molecules. 13, 14 To overcome these limitations, we constructed chimeric antibody receptors to activate T cells at the local tumor environment directly. We found that expression of membrane-bound anti-CD3 receptors with CD80 or CD86 induced the proliferation of both CD4 + and CD8 + T cells, reduced the threshold for T-cell activation, stimulated prolific IL-2 production and generated T-cell cytotoxicity. More importantly, although expression of CD86 on poorly immunogenic tumor cells did not produce effective antitumor activity, expression of anti-CD3 antibody receptors with CD86 resulted in tumor rejections and produced a long-term protective antitumor memory response against parental tumors.
Signaling via the CD3 complex alone produced strong cytolytic activity in vitro (Figures 5b and 6b) . Expression of both anti-CD3 receptors and CD86, however, was required for maximal cytolytic activity against B16-F1 tumor cells in vitro (Fig 6b) and for antitumor activity in vivo (Fig 6c) . This result is consistent with recent studies showing that in vivo costimulation is required for effective tumor eradication by CTL. 43, 44 Costimulation in our system may also be important for CD4 + T-cell activation 45 and secretion of IL-2 (Fig 5a) . IL-2 secreted by tumor-infiltrating CD4 + lymphocytes can potentiate antitumor immunity 46 and generate inflammatory responses that increase tumor vascularization to enhance infiltration of effector cells into tumors. 47 Activated CD4 + T cells can also prime dendritic cell to drive CD8 + T-cell responses 48, 49 as well as directly interact with CD8 + T cells to provide help and promote memory cell differentiation. 50 Development of long-term protective antitumor memory against parental tumor cells indicates that specific anti-B16 lymphocytes were activated in the tumors. Naive T cells are normally activated in lymphoid organs by dendritic cells that cross-present tumor antigens 51, 52 and the clonally expanded tumor-specific lymphocytes then infiltrate tumors. 53, 54 B16 melanoma cells express tumorassociated antigens such as tyrosinase-related protein 2 and gp-100 that can activate specific T cells in lymph nodes. 55, 56 Infiltration of B16 tumors with antigenspecific T cells is likely ineffective, however, because B16 melanoma cells possess extensive defects in their antigen-processing machinery that results in profound downregulation of MHC class I surface expression. 57 Cells engineered to express anti-CD3 receptors and CD86, in contrast, can directly trigger tumor infiltrating lymphocytes to express their cytolytic activity and apparently promote their differentiation into memory T cells. Although the protective antitumor memory response against parental B16 tumors was incomplete, more potent antitumor memory may develop if anti-CD3 receptors and CD86 are employed in tumors without such profound defects in antigen processing. 57 In summary, our results show that shedding and expression of chimeric receptors on cells can be controlled by introduction or removal of glycosylation sites. In addition, we found that receptor design profoundly impacted the functional activity of scFv receptors. Functional anti-CD3 receptors expressed on poorly immunogenic tumor cells enhanced the antitumor activity of CD86. These results suggest that coexpression of anti-CD3 receptors and CD86 molecules on tumor cells may be a useful therapeutic strategy especially suited to poorly immunogenic tumors that are normally refractive to immune stimulation. Further therapeutic efficacy may be possible by expressing anti-CD3 receptors with anti-CD28 scFv 25 to prevent downregulation of T-cell function via CTLA-4 ligation or anti-4-1BB scFv 26 to more completely activate T cells. 
